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THEORY
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The Strong CP Problem
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Extra term in the QCD Lagrangian:
a. CP violating.

B. Total divergence (Bardeen current).

Y. Not affecting the perturbative behavior of the theory. The Standard Model

6. Non zero contribution (vacuum topology).

DOES NOT provide an
answer.
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The Peccel-Quinn
mechanism

PQ Symmetry: global, axial, 8 ar =
beyond the Standard Model. L,=C 320, o(x)G" -G
Spontaneous symmetry V. (d)= 1 . (x) 2
breaking at scale f - 2 f,
Axion: Goldstone boson, _ £0| , (dV,
pseudoscalar, neutral. (@)=~ c ™~ 5y »

The vacuum expectation value of the
axion field eliminates the QCD term at
the cost of axion appearance.
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Axion models

* fa = few
« Two Higgs fields.

« Fermions: PQ charge.

Experimentally
excluded.

DFSZ
of >>1,,

« Two Higgs fields and one
scalar field.

« Fermions: PQ charge.

KSVZ
of >>1,,

 One Higgs field, one
scalar field, one exotic
quark with PQ charge.

P iaX, v ieX
D =D D, =D,
o' =e e, X, +X, =2X_=1
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Propertie
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f >>1GeV Number of quark
generations carrying

Invisible Axion PQ charge.
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Axion—Photon conversion

in the Coulomb field of a
nucleus.




e Vacuum,

» weak interaction:

- transverse magnetic field:

« relativistic limit: E>> m,_

Axion — Photon
oscillation

probability plot

Assumptions
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CAST

Cern Axion Solar Telescope
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Solar Axions

Assumptions

e Hadronic Axions.
e Primakoff Effect.

« Charge screening.

« Standard Solar Model.

Axion Surface Luminosity
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Detection Principle

| | X-ray
= _} _____________________ ... e
W% Flight time detector

Earth

Axions are produced in the Solar core through the Primakoff effect and
travel freely to the Earth where they are converted to photons, interacting

with a transverse magnetic field which can align to the Sun (Helioscope).

If there is an excess of photons when tracking the Sun, it is an indication
of axion existence.
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Experimental apparatus

« Prototype, dipole LHC
magnet.

« Superconducting;:
T=1.8K, I=13,000A.

« B=9T, L=9.26m.

« +80° vertical motion, 80°
horizontal motion.

« 3h Sun tracking daily.

Phase I: pipes in vacuum.

c : c Sunset
Phase II: pipes filed with Sififiae _ i photon detectors

gas (He3, Heq). photon detectors LHC est magrer

Sunrise
axions

Sunset
axions

Low-background
shelding

Tumtablo
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Detectors

Parabolic Hyperbelic
Magnet Bore 043 mm Shells Shells
------ e
Focus
Opt. Axis of the Telescope H

Spot @ 3 mm

Telescope and CCD

« Wolter I optical device, prototype of ABRIXAS space
mission. 27 coaxial gold-plated shells from Ni. Axionic
image of the Sun.

150 X 150 um?2.

« Spot: 3mm diameter, huge increase of CAST
sensitivity.

« Covers one magnet bore and tracks the Sun during
sunrise.

CCDDetector

TPC

« Time Projection Chamber: conventional
gas detector with 48 anode wires and 96
cathode wires, 3mm apart.

« Shielded. Constructed by Zaragoza
University.

« Covers two magnet bores and tracks the
Sun during sunset.

« Charged Coupled Device (silicon detector). Pixel size:

MICROMEGAS

« New technology, parallel plate gas
detector with microstructure and
spatial sensitivity.

« Constructed by Saclay and NCSR
“Demokritos”.

« Covers one magnet bore and tracks
the Sun during sunrise.
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Axionic parametric space

Axion
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; « Helioscopes.
' ?!_ 10710 | - Laser experiments.
3 12 « Coherent Bragg scattering in
g 10 crystals.
5 E 1014 « Astrophysical arguments.

« Cosmological arguments.

10-15 - :
IIIIII,I,Ij IIIIII,I,Ij IIIIII,I,Ij IIIIII,I,Ij IIIIII,I,Ij IIIIII,I,Ij IIIIIIII| IIIIII,I,Ij 11110

107 10% 10° 10% 102 10?2 107 1 10 100

Axion mass m, [eV] |

« Dark matter experiments.
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MICROMEGAS
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Operation principle
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The Micromegas of CAST

Specifications
X-ray detection capability (energy 1-10 keV).
Typical energy resolution (20% at 5.9 keV).
Good efficiency.
Spatial sensitivity ~ 1 mm.

Calibration rate: 50Hz, data rate: 1Hz.

Ar (95%) + Isobutane (5%)

| Two dimensional X-Y
| readout plane: 192 copper
strips in each direction
w1th 350 um pitch.

mesh

hole diameter: 25um

ll\ololo‘o

Gate Pump

Valve ®
""" 5] 4 EIE
D C B
Magnet Tub Vacuum Tub: > —»] A

Window 2
Window 1

+ strongback

Readout plane —»

pitch: soum
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Electronics

Mesh signal
= N N S - - & ¥
Strip signals
ey
Amp

+ b T

St i o . 3 S0 ?SFHID 125 150 175192
i Timing signals FE Gassiplex i 5
. w Event Display of Y-strips _FI0t0 =
Card ——— £

| MaTacQ | | Discriminator |
— o e B e
75 100 125 150 175132 2500 S000 7SO0 10000 12500 1S00.0 17500 20000 22500 25000
T + Y-strip channel Time
HgEer Data ready T 2 v
—_—
——
Sequencer CRAM i | Je Lf:
—
‘ i I S TR T = 1
Clear ! I
G = % iy 77 i IE [~ B8 car_ve [ uncont RnMON ‘m

Data Acquisition System (DAQ)

Written in LabView (Linux+Windows), developed in NCSR
“Demokritos” (T. Geralis, G. Fanourakis).

Operation: Non Paralyzable. Dead time: 14 msec.

18
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Characterization
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ANALYSIS & RESULTS
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Simulation (introduction)

Description
« GEANT4 toolkit.
« Exact reconstruction of the detector’s geometry and materials.
 Goals:

1. Calculation of the detector efficiency for photons hitting
transversely the side facing the magnet bore.

2.Influence of gas density variation in the detector.

3.Qualitative reproduction of the measured background.

«The simulation takes into account the energy deposition in the
detector and NOT the full event reconstruction through the
whole detection chain.
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Simulation (efficiency)

| Hardware efficiency | | Theoretical hardware efficiency |
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Fermilab, 3/20/2007

K. Kousouris

22




M
[ ) [ ) K
Simulation To

(background)

l MC spectrum » Photons and neutrons of various
_ x10° . . . . . . _ energies are thrown to the
% T e —— S e B Tt . e — detector isotropically.
> - mmEmmee- fluorescence from hard gamma! : !
e gol_ | === fluorescence from softgamma | S - [ » Event counting by local energy
0 C —— —— fluorescence from radon gamma : i i deposition.
Q oE.lmm recolsfiomneutons: ) A — I o
@ P e el | : » Normalization is arbitrary
- - - | (based on the reconstruction of
the Cu peak).

« Energy resolution is determined
by the calibration measurements:

5 %xZO%

The background spectrum is
determined by the fluorescence

of the detector’s building
materials.
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2003 - Calibration

2d_plot Flash height
Prototype Micromegas V3 R —
i | Pulse height }if. li
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«cross-talk»

effects
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2003 - Data

| 2003 Background, set C |
10°

Event selection criteria

ratio
standard

;Eo:j § tracking n 1. Single cluster.
5 o s 2. Fiducial cut: circle with area A = 15.2 cm?.
80.35F A Magnet b - 2
6 F _+_ gnet bore = 14.5 cm=.
03 7 —+— 3. Pulse  risetime, width and
0.25 height/integral at most 2
0.2 background deviations from the mean value.
= N _%
0.15F % =
01E | _4)__?_ N
F _2:—4»—:2:=$==’= T Three different datasets
005 =gt due to different timing of
=
ob—l ey the pulses.
keV
SET Tracking | Background r, r, Energy range
time (h) time (h) 10-5sem2keV! | 105s!cm2keV! (keV)
A 56.5 592 8.4+0.2 8.73 £ 0.06 1-7.5
B 11.6 143 10.7 £0.5 11.35+0.14 1-8.0
C 24.9 477 13.5+0.3 13.91 £0.08 1-9.0
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2004 - Calibration

Prototype Micromegas V4
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Multivariate analysis

(general)

clalil?ratlionl — Goal:

Maximum efficiency and
purity.

N variables x; with mean values
T following  Gaussian
distibutions.

discri min ant quantity

q= Z(Xi A (Xj - llj) Selection rule (cut): q < q .« o
ij ‘o, —  — _— _— _ @ OO O |

1% distribution

i R I O
fN(q)=—2N,21_(1W2)-q’”’‘-e"’2 200 T O lI
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Multivariate analysis

(discriminant quantities)
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Multivariate analysis
(calibration)
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Multivariate analysis

(data)

q

ratelefficiency2 vs q cut for the 1-8.5 keV interval ‘
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Background study

Background rate vs distance from the wall

Bkg vs height

spleiel ol oo live oo iy
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Dependence on the
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(DD,;.)R (h+R-h )R
Distance from the Distance from the floor. [—
closest wall.

Fermilab, 3/20/2007

« AE =1 - 8.5keV.
* A=15.2cm?.
» integration time: > 3000 h.

e trigger rate: ~ 1 Hz.

« filtered rate: ~ 18 events/h.

» cut efficiency: 92%.

K. Kousouris

counts

i
10 12 14 16 18 20
min
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Daily variation

| Diurnal modulation (1,8.5 keV) |
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Diurnal_ modulation (5.0,8.5 keV) |
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Clear daily variation, probably due

to the variation of the Rn
concentration.
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Solar data

Tracking vs Background, 2004
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Calculation of an

upper limit for g, .

—Subtr:ﬁted spectra, 2004 | N =f (Ei ) XA, xtxP, , xo, (Ei ) xa,xdE

= L

T | NI =(rit —ri")xtxdExA f(E) ~ g}, (axion flux)
Ed ‘% |

ﬁﬂl Jr T x2=2[6—ij A, =145 cm®

, el |
%ZL + 14 N:+[tj2N t=196 h
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i

7
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i o — gt . .
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Calculation of an
upper limit for g, .

counts

10

Simulation of the efficiency

systematics.

T T

e

1-8.5keV
Effective Best fit 2 2 95% CL
background Kinin /D] Yy /AE 101 GeV!
00.00-12.00 0.21 + 0.89 24.73 / 14 24.75 /15 1.27
01.00-11.00 -0.03 £ 0.9 26.84 /14 26.84 / 15 1.25
02.00-10.00 -0.35+0.92 | 30.11/14 30.18 / 15 1.23
03.00-09.00 -0.67+0.94 | 31.77/14 32.02 /15 1.22
2., <(1.25£0.02£0.007)x10"°GeV ™"
1-7.5keV m_ <0.02eV
Effective Best fit 2 2 95% CL
background Kinin /0] Yy /AT 1071 GeV!
00.00-12.00 0.29 £ 0.9 20.83 /12 20.88 /13 1.28
01.00-11.00 0.06 + 0.9 22.26 /12 22.26 / 13 1.26
02.00-10.00 -0.24 £ 0.92 | 23.93 /12 23.97 /13 1.24
03.00-09.00 -0.55+0.94 | 24.54 /12 24.71 /13 1.23

Fermilab, 3/20/2007
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CAST results
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Q I
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10_19 | HBstars | Smeitted fOI’
- CAST phase | - : . ,
: 3 : publication (JCAP)
L & & i hep-ex/0702006 :
B o ";I’ = . . .
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3 - : .
0_12 | Er (o | IIJJl. L1 L 1ll ?‘ BN L1l ll| | SR T B IIIJ| [ A aXlOn o phOton Coupllng from
10° 10* 107 102 10 1 10 the CAST experiment ”
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CAST Phase 11 principle

CAST

t=1vy (33 days)

WACLILITTM

.08 mbar

m, =effective photon mass

My R

| Z
=289¢/—p eV
Me Al ©
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CAST Phase 11

status & prospects

Phase II operation (“He)

f—‘ 1“‘] = T T T e CAST phas:E;I sensrtl?ltv
- - AZarus et ' =y ]
« Data taking with 4He R L :
performed all along 2006 5 [ soLax cosme R A
om = T ]

DAMA @V i g =

» ~160 density steps
performed, reaching ~13 10*
mbar (~0.39 eV)

Tokyo helioscope

+ Approximate explored S - b
region shown in plot s

«QCD axion models region is

10 i v - di
entered 1. 10° globular clusters

» Data now under analysis E ﬁaﬁ” \g‘}g" d“? E ‘
o
L = =
» °He phase will start mid Yj‘f / ¥
2007 (upgrade works 10_11 Lol LA el [ ST [ B R A
ongoing) 107 107 10" 1 10
[ mmnn{ev}
~13 mbar
~0.39 eV

Igor G. Irastorza 11

< Moriond EW 2007 ;

Fermilab, 3/20/2007

Copyright: I. G. Irastorza

K. Kousouris



Conclusions

The Strong CP problem remains unresolved for 30 years and the dynamic Peccei-Quinn solution
is the most viable. Axion searches are too important to ignore.

Following the analysis of the data collected with the Micromegas detector during CAST Phase I
there is no axion signal.

The missing axion signal leads to the calculation of an upper limit for the axion-photon coupling
constant which improves the limits from previous experiments by a factor ~7.

CAST continues with Phase II, entering unexplored regions of the axion parametric space.

The Micromegas detector is a stable and reliable structure, as proved by its performance in the
CAST experiment.

The 2003 data were used mostly for the understanding of the detector, while the 2004 data were
used to make Physics analysis.

The spectrum of the measured background from the Micromegas detector is fully understood,
with the aid of the simulation and it comes from the fluorescence of its constructing materials.

The multivariate analysis is more suitable when the event selection rules are based on correlated
discriminant quantities.

The dominant systematical error is the diurnal variation of the measured background and it was
taken into account by defining an effective background. The total effect of the systematical
errors to the calculated upper limit of the axion—photon coupling constant is less than 2%.
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Micromegas
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Pulse analysis

risetime

Fermilab, 3/20/2007 K. Kousouris 44



Typical strip data

number of clusters
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o

* X-Y Clustering
(number of clusters,
multiplicity, charge,
barycenter).

 Event reconstruction
(identification through
total charge).

 Pulse processing
(center, risetime, width,
height, integral).
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Data processing

« Run header
« Event header
« Event body
« Event footer
* More events......

« Run footer
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Effect of gas density variation

on the detector efficiency

| Density variation | | Average hardware efficiency vs density |
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Solar axions

Charge screening
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Alignment to the Sun

March 2003
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Stability
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Stability

Mean values
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